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SYMBOLS AND DEFINITIONS 





Twice t h e  t o t a l  energy p e r  u n i t  mass, so c a l l e d  t h e  
"VIS VIVA" by some. 
where V and R are r e fe renced  t o  some c e n t r a l  bo%y'whose 
mass i s  denoted by M. 
i n d i c a t e  t h a t  t he  c e n t r a l  body i s  t h e  earth,'moon, a n 8  
sun, r e s p e c t i v e l y .  
GM S p e c i f i c a l l y ,  4 = V2 - 2 - 
The n o t a t i o n s  C3&, C3 , and C 3  
The e c c e n t r i c i t y  of t h e  in s t an taneous  two-body s o l u t i o n .  
Subsc r ip t s  may be used as d i scussed  f o r  C3. 
Instantaneous i n c l i n a t i o n  o f  t h e  luna r  t r a v e l  plane 
re la t ive  t o  the  t rue  e a r t h  equator  of d a t e .  
"The longi tude of t he  mean ascending node o f  the moon's 
o r b i t  measured i n  t h e  e c l i p t i c  from the  mean equinox o f  
date";  see [ 3 ]  for  more d e t a i l s .  
Geocentric sphe r i ca l  coord ina te s  of a body where 
p i s  the  r a d i a l  d i s t a n c e ,  
6 i s  d e c l i n a t i o n  ( t h e  a n g l e  measured i n  t h e  meridian 
con ta in ing  the body from the  e a r t h ' s  equator  t o  t h e  
body, p o s i t i v e  being n o r t h  and nega t ive  s o u t h ) ,  
a i s  r i g h t  ascension ( t h e  ang le  measured i n  t h e  
e q u a t o r i a l  plane from v e r n a l  equinox t o  t h e  meridian 
con ta in ing  the body, p o s i t i v e  eastward) .  
Radial  d i s t a n c e  
Geocentr ic  l a t i t u d e  
Greenwich referenced long i tude ,  p o s i t i v e  eastward. 
Velocity magnitude measured i n  a space-f ixed and 
r o t a t i n g  system, r e s p e c t i v e l y .  
Pa th  angle  referenced t o  the  l o c a l  h o r i z o n t a l  p l ane ,  
space-f ixed and r o t a t i n g ,  r e s p e c t i v e l y .  
Local azimuth angle,  space-fixed and r o t a t i n g ,  r e s p e c t i v e l y .  





63, c,  0 
D e f i n i t i o n  
A 1  t i t ude 
I n c l i n a t i o n  of a body's i n s t an taneous  plane of motion. 
Right ascension of t h e  ascending node o f  a body's 
instantaneous plane of motion. 
SUBSCRIPTS 
Denote t h e  c e n t r a l  body a s  the  e a r t h ,  moon, o r  sun, 
re  spec t i v e  1 y . 
Denotes cond i t ions  of  t h e  ascending node. 
Denotes cond i t ions  of t he  moon. 
Denotes "selenographic" c o n d i t i o n s ;  s ee  [ 3 ]  f o r  d e t a i l s .  
UNUSUAL TERMS 
1. FLIGHT TIME o r  TRIP TIME denotes  t h e  time from i n j e c t i o n  t o  
a r r i v a l  a t  periselenum. 
2. BALLISTIC TRANSIT i m p l i e s  t h a t  t r a v e l  from a g e o c e n t r i c  parking 
o r b i t  t o  periselenum i s  made wi th  no powered plane changes. Launch 
time v a r i a t i o n s  a r e  used t o  p o s i t i o n  the  parking o r b i t ,  and c o a s t  time 
and burning t i m e  v a r i a t i o n s  a r e  used t o  e s t a b l i s h  t h e  i n j e c t i o n  i n t o  t h e  
t r a n s i t  plane. The f i n a l  s t a g e  i s  c o n t r o l l e d  du r ing  burning by a tech-  
nique designated by Jet  Propuls ion Laboratory as "Control from t h e  
Horizon. I '  
3 .  DUAL TIME SOLUTIONS r e f e r s  t o  t h e  two t r a j e c t o r i e s  t h a t  are 
p o s s i b l e  f o r  a r r i v i n g  a t  t h e  moon a t  a s p e c i f i e d  t ime,  s u b j e c t  t o  t h e  
fol lowing c o n s t r a i n t s  : 
a .  Launch from P a t r i c k  A i r  Force Base a t  a due e a s t  azimuth. 
b. U t i l i z e  a c i r c u l a r  parking o r b i t .  
c.  Specify the TRIP TIME. 
. 
d .  Require BALLISTIC TRANSIT. 
v i i i  
X 
Figure 1 i l l u s t r a t e s  t he  geometry of t he  DUAL TIME SOLUTIONS but  
some p e r t i n e n t  d e t a i l s  are not  ev iden t  from t h e  f i g u r e .  Consider t h e  
i n f i n i t y  o f  parking o r b i t  planes s u b j e c t  t o  t h e  above c o n s t r a i n t s  ( a l l  
p lanes  passing through e a r t h ' s  c e n t e r  and passing tangent  t o  t h e  i n j e c -  
t i o n  l a t i t u d e  c i r c l e ) .  Upon p lac ing  the  moon, considered as a poin t , .  
a t  some p o s i t i o n  i n  t h e  volume swept  o u t  by t h i s  i n f i n i t y  of p l ane ,  one 
s e e s  t h a t ,  i n  g e n e r a l ,  two of t hese  planes pass through t h e  moon. Along 
the  e x t r e m i t i e s  ( c i r c u l a r  cones) of t h e  volume swep t  o u t  t h e r e  is only 
one plane which passes  through a given po in t .  Thus, i n  g e n e r a l ,  one 
suspec t s  t h a t  two t r a j e c t o r i e s  a r e  a v a i l a b l e  f o r  e a r t h  t o  moon t r a n s i t ,  
s u b j e c t  t o  the discussed c o n s t r a i n t s .  
Let u s  tiow examine the  s i t u a t i o n  t o  s e e  i f  one can a c t u a l l y  e s t a b l i s h  
the  two suspected t r a j e c t o r i e s .  Since a r r i v a l  time and t r i p  t i m e  a r e  t o  
be i d e n t i c a l  f o r  t h e  two s o l u t i o n s ,  i n j e c t i o n  must occur a t  the  same t i m e .  
The t i m e  i n t e r v a l  from l i f t o f f  t o  parking o r b i t  is t h e  same i n  any two 
cases .  The burning t i m e  r e q u i r e d  t o  achieve i n j e c t i o n  from t h e  parking 
o r b i t  i s  e s s e n t i a l l y  t h e  same i n  the  two cases  due t o  the  f i x e d  d i s t a n c e  
t o  the  moon (same a r r i v a l  t ime) ,  and the  f ixed  c e n t r a l  t ravel  angle  
(same t r i p  time). These cons ide ra t ions  al low the  i n j e c t i o n  t i m e  e q u a l i t y ,  
- = T + AtLypo  + A t  + AtPOYI , T~~~ - T ~ l   at^,^^ + C1 + AtPo,I  L2  c2 
t o  be reduced t o  
i s  time from l i f t o f f  t o  parking o r b i t ,  L, PO where T i s  l i f t o f f  t i m e ,  At L 
A t  i s  coas t  time i n  parking o r b i t ,  and At i s  t h e  time i n t e r v a l  from 
parking o r b i t  t o  i n j e c t i o n .  C PO, I 
- 
Although TL1 and TL2 a r e  not  t he  same, they are f i x e d  under the  c o n s t r a i n t s ,  
namely, t h a t  they r e s u l t  i n  two parking p l anes  t h a t  c o n t a i n  t h e  moon a t  
a r r i v a l  time. F i n a l l y  then,  
CONSTANT = TL - T = A t  - A t  
1 L2 c2 C 1 '  
must hold i f  the two s o l u t i o n  t r a j e c t o r i e s  e x i s t .  Since A t  and A t c  c2 must be u t i l i z e d  t o  place i n j e c t i o n  such t h a t  t h e  c e n t r a l  t r a v e l  angl2 
c o n s t r a i n t  i s  s a t i s f i e d ,  it would be mere chance t h a t  t he  (TL - TL2) 
e q u a l i t y  were s a t i s f i e d  s imultaneously.  It should be noted,  however , 
t h a t  t h e o r e t i c a l l y  one s o l u t i o n  could be determined f o r  a r r i v a l  a t  t h e  
s p e c i f i e d  time. Another could be e s t a b l i s h e d  whose a r r i v a l  t i m e  would 
be i n  e r r o r  by a f r a c t i o n a l  p a r t  o f  t h e  per iod of t h e  parking o r b i t .  
With r e fe rence  t o  t h e s e  two s o l u t i o n s  we d e f i n e  and use t h e  t e r m  "DUAL 
TIME SOLUTIONS. I '  
i x  
. 
4 .  ARRIVAL CONIC denotes the instantaneous two-body s o l u t i o n  a t  
a r r i v a l  t i m e  w i t h  t h e  moon as a t t r a c t i n g  body. The i n c l i n a t i o n  and 
l o c a t i o n  of t h e  con ic  i s  of primary i n t e r e s t  i n  t h i s  r e p o r t  when 
r e fe renced  t o  t h e  selenographic  coordinate  system. This system i s  
d i scussed  i n  [31. 
5. 6 * ?  and 6 . i  are ope ra t iona l  s c a l a r s  t h a t  are very u s e f u l  i n  
ach iev ing  v a r i o u s  o r i e n t a t i o n s  of the a r r i v a l  conic .  A d e t a i l e d  d i s -  
cuss ion  of t h e s e  s c a l a r s  i s  given i n  [7], bu t  a 'br ief  gene ra l i zed  
d i s c u s s i o n  i s  presented here .  
The incoming asymptote of t h e  s e l e n o c e n t r i c  arr ival  con ic  i s  
approximately pa ra l l e l  t o  t h e  earth-moon l i n e  a t  a r r i v a l  t ime_ .  
a u n i t  v e c t o r  i n  the  d i r e c t i o n  of t he  incoming asymptote as S. The 
u n i t  v e c t o r  T i s  cons t ruc t ed  t o  l i e  i n  the  EARTH-MOON t r a v e l  plane 
normal t o  's and p o s i t i v e  toward the t r a i l i n g  edge of t h e  moon. 
a l s o  normal t o  's and i s  given by i!i x f .  
definqd by 
of t h e  c h a r a c t e r i s t i c s  of t h e  s e l e n o c e n t r i c  a r r i v a l  con ic ,  l i e s  i n  t h e  
Ig 1 ,  is  r e l a t e d  t o  c l o s e  approach d i s t a n c e ,  %A, through t h e  equa t ion  
Denote 
i s  
We see then  t h a t  t he  plane 
A v e c t o r  E, which i s  a f u n c t i o n  and !f is  normal t o  's. 
plane and i s  c a l l e d  t h e  "impact parameter." The magnitude of E, 
where la1 i s  t h e  magnitude of t h e  semimajor a x i s  of t h e  a r r i v a l  conic.  
R and f, B o ?  and g * i ,  i t  i s  e o s s i b l e  t o  survey t h e  a r r i v a l  conic  o r i e n -  
t a t i o n  about 5: f o r  a given IBI o r  c l o s e  approach d i s t a n c e .  
- ene can see then t h a t  by specifying the  d e s i r e d  p r o j e c t i o n s  of E onto 
x i  
GEORGE C. MARSHALL SPACE FLIGHT CENTER 
MTP-AERO-62-73 
EARTH-MOON TRANSIT STUDIES BASED ON EPHEMERIS DATA 
AND USING BEST AWAILABLE COMPUTER PROGRAM 
PART I: PERISELENUM CONDITIONS AS FUNCTION 
OF I N J E C T I O N  CONDITIONS 
By Byrd Tucker 
SUMMARY 
The o b j e c t i v e  of  t h i s  r e p o r t  i s  t o  provide accu ra t e ly  determined 
bounds f o r  t he  e f f e c t s  of  va r ious  parameters on depa r tu re  v e l o c i t y ,  
p e r  iselenum a r r i v a l  v e l o c i t y ,  and t h e  s e l e n o c e n t r i c  a r r i v a l  conic  
o r i e n t a t i o n s .  The v a r i o u s  top ic s  u s u a l l y  a r i s e  as ques t ions  c l o s e l y  
a k i n  t o  those set f o r t h  i n  t h e  following. Answers t o  t h e  ques t ions  
presented  are included and are the r e s u l t  of  t h i s  s tudy.  
1. How much do depa r tu re  v e l o c i t y  requirements  change due t o  
v a r i a t i o n s  of  t h e  a r r i v a l  earth-moon ephemeris and t r i p  
t i m e  v a r i a t i o n s  i n  the  66 hour t o  90 hour range? For 
a r r i v i n g  a t  t h e  moon when it  i s  a t  any p o s i t i o n ,  t he  
depa r tu re  v e l o c i t y  requirements change is  bounded by: 
a. 35(m/s) f o r  f l i g h t s  of 66 hours  
b. 22(m/s) f o r  f l i g h t s  of  78 hours 
c .  20(m/s) f o r  f l i g h t s  of 90 hours .  
The o v e r a l l  bound f o r  a l l  a r r i v a l  ephemeris v a r i a t i o n s  and a l l  
t r i p  t i m e s  i n  t he  66 t o  90 hour range i s  55(m/s). These bounds are 
determined by p r o j e c t i n g  a l l  i n j e c t i o n  cond i t ions  (which occurred a t  
s l i g h t l y  v a r i e d  a l t i t u d e s )  t o  a mean r a d i u s  of  6770(km). 
2. Iiow much do depa r tu re  v e l o c i t y  requirements  change w i t h  d i f f e r e n t  
t r a j e c t o r y  approach pa ths  such as d i r e c t ,  r e t r o g r a d e ,  o r  po la r  approaches? 
The complete range of  p o s s i b l e  approach pa ths  can only change t h e  depa r tu re  
v e l o c i t y  by about 4(m/s). . 
3. What e f f e c t  does varying t h e  s e l e n o c e n t r i c  a r r i v a l  a l t i t u d e  
have on depa r tu re  cond i t ions?  E s s e n t i a l l y  NONE! The i n j e c t i o n  condi t ions ,  
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p o s i t i o n  vec tor  a d  v e l o c i t y  v e c t o r ,  a r e  e s s e n t i a l l y  i n v a r i a n t  f o r  
a r r i v a l  a l t i t u d e  changes i n  the  50(km) t o  500(km) a l t i t u d e  range 
(approach pa th  being f rozen) .  
4 .  How does a r r i v a l  v e l o c i t y  vary  due t o  changes i n  a r r i v a l  
a1 t i t u d e  ? 
. 
5.. How much does a r r i v a l  v e l o c i t y  change f o r  va r ious  combinations 
o f  a r r i v a l  t i m e  (earth-moon p o s i t i o n s )  and t r i p  t imes? 
a. The e f f e c t  of a l l  combinations o f  a r r i v a l  t i m e s  and t r i p  
t i m e s  i n  t h e  66 t o  90 hour range i s  bounded by 200(m/s)'. 
b. For t r i p  time f rozen  a t  66 hours ,  t h e  vary ing  earth-moon 
ephemeris e f f e c t  i s  bounded by 105(m/s), a t  78 hours t h e  
bound i s  70(m/s), and a t  90 hours  t h e  bound i s  55(m/s). 
6. The a r r i v a l  v e l o c i t y  magnitude v a r i e s  by about 10(m/s) f o r  
the va r ious  approach pa ths  when a r r i v a l  a l t i t u d e  and f l i g h t  
t i m e  a r e  he ld  cons tan t .  
In t h e  fo l lowing ,  i n c l i n a t i o n  r e f e r s  t o  t h e  i n c l i n a t i o n  of t he  
a r r i v a l  conic r e l a t i v e  t o  the  moon's equator .  A l l  t h e  fol lowing r e s u l t s  
a r e  f o r  f l i g h t s  making no powered plane changes and having 66 hour t r i p  
t i m e  . 
7. There a r e  i n c l i n a t i o n s  i n  the  neighborhood of 0" and 180" t h a t  
cannot be e s t a b l i s h e d  f o r  any a r b i t r a r y  a r r i v a l  t ime. 
8. For r e t rog rade  f l i g h t s  ( those  a r r i v i n g  counter  t o  o r  a g a i n s t  
t h e  moon's motion, i . e . ,  those having i n c l i n a t i o n s  g r e a t e r  than 90") 
the  una t t a inab le  i n c l i n a t i o n  area around 180" is  bounded by about 7" .  
9. Generally speaking,  when the  moon i s  a t  i t s  maximum o r  minimum 
d e c l i n a t i o n ,  t he  una t t a inab le  i n c l i n a t i o n  a r e a  around 180" sh r inks  t o  
l e s s  than lo .  When the  moon i s  near zero d e c l i n a t i o n ,  t h e  una t t a inab le  
a r e a  peaks a t  about 7" .  
The b a s i c  t r a j e c t o r y  d a t a  f o r  t h i s  s tudy  were generated using 
a space f l i g h t  program t h a t  was obta ined  from J e t  Propuls ion  Laboratory.  
To our knowledge, t h i s  program i s  a s  accu ra t e  a s  any a v a i l a b l e  t o  NASA 
i n s t a l l  a t  ions,. 
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SECTION I. INTRODUCTION 
. 
The e s t ab l i shmen t  o f  optimum o r  near optimum techniques f o r  perform- 
ing  v a r i o u s  l u n a r  missions i s  a cu r ren t ,  p r e s s i n g  problem. Upon t h e  
i n t r o d u c t i o n  o f  Optimizat ion concepts f o r  performing such mis s ions ,  t h e  
e f f e c t s  of v a r i o u s  parameters t h a t  have been considered i n s i g n i f i c a n t  
o u t s i d e  t h e  realm of op t imiza t ion  must be eva lua ted .  F u r t h e r ,  care must 
be exe rc i sed  t h a t  s impl i fy ing  assumptions and numerical  i naccurac i e s  a r e  
t o l e r a b l e .  Working i n  accordance wi th  t h e s e  views,  it has  been impossible 
t o  use some appa ren t ly  r e l e v a n t  r e s u l t s  from d i f f e r e n t  works because 
i n s u f f i c i e n t  information was ava i l ab le  as t o  t h e i r  accuracy. 
The o b j e c t i v e  o f  t h i s  pub l i ca t ion  i s  t o  e s t a b l i s h  bounds f o r  a few 
of t h e  parameters of t he  problem, and t o  f u r n i s h  some information f o r  
"Trade-off" cons ide ra t ions  t o  serve as b a s i s  f o r  choosing one technique 
r a t h e r  than another .  
SECTION 11. CONSTRAINTS AND IMPLEMENTS OF THE STUDY 
The t r a j e c t o r y  s imula t ions  were performed on an IBM 7090 Space F l i g h t  
Program which w a s  obtained from the J e t  Propuls ion Laboratory.  The pro- 
gram inc ludes  t h e  e f f e c t s  of t h e  o b l a t e  e a r t h ,  sun, t r i a x i a l  moon, and 
J u p i t e r .  A comprehensive d i scuss ion  o f  t h e  program i s  presented i n  
Reference 1". 
c o n s t a n t s  r e q u i r e d  by t h e  program are d i scussed  i n  [ l ]  and [ 4 ] .  The 
c o n s t a n t s  used i n  t h i s  s tudy are those c u r r e n t l y  i n  use a t  J e t  Propuls ion 
Laboratory,  according t o  [ l ]  and [4] .  
* 
The v a r i o u s  geophysical,  as t ronomical  , and o p e r a t i o n a l  
- 
The numerical  e r r o r s  incurred by t h e  computational procedures a r e  
w e l l  c o n t r o l l e d .  Reference 5 i n d i c a t e s  t h a t  such e r r o r  i n  periselenum 
a r r i v a l  p o s i t i o n  i s  no t  more than 100 meters.  Information,  aga in  from 
[ 5 ] ,  on periselenum a r r i v a l  v e l o c i t y  i s  vague, b u t  i n d i c a t i o n s  are t h a t  
t he  numerical e r r o r  i s  i n  the  seventh d i g i t .  
This s tudy i s  concerned wi th  t h e  f l i g h t  phase from a geocen t r i c  
c i r c u l a r  parking o r b i t  t o  arr ival  a t  periselenum. 
SECTION 111. COMMENTS ON SOME CHARACTERISTICS OF THE MOON'S MOTION 
References 2 and 3 presen t  a g r e a t  d e a l  o f  information about t he  
moon's motion. Reference 2 presen t s ,  p r i m a r i l y ,  g r a p h i c a l  information. 
Reference 3 g ives  explanatory discussions and t h e  d e r i v a t i o n  of some 
equa t ions  of i n t e r e s t .  
*References w i l l  be denoted by "Reference numbers" o r  bracketed [ ] 
numbers i n  t h e  t e x t  and r e f e r  t o  s p e c i f i c  e n t r i e s  i n  the  t a b l e  of 
r e f e r e n c e s  i n  t h i s  r e p o r t .  
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Extract ing from Reference 2,  t h e  fol lowing information i s  r e s t a t e d  
h e r e  s i n c e  i t  has d i r e c t  i n f luence  upon some phases of t h i s  study: 
1. The geocen t r i c  r a d i a l  d i s t a n c e  t o  t h e  moon a t  i t s  . . . 
a.  Apogees v a r i e s  by about .4  e a r t h  r a d i u s  o r  2550 (km) 
b. Per igees  v a r i e s  by about 2 e a r t h  r a d i i  o r  12750 (km). 
The conversion t o  k i lome te r s  i s  made assuming an e a r t h  r a d i u s  
t o  equa l  b370 (km). 
2. The t imes a t  which abso lu te  pe r igees  o r  "local-minimum-distance" 
per igees  occur from a sequence, ( T i ) ,  such t h a t  as i = 1, 2 , , , n ,  
Mo Mo Mo Mo 
1 = T 0 + 7  , T 2 = T 1 + 8  , T 3 = T 2 + 7  , T 4 = T 3 + 8  , . . . , 
T, = Tn - 1 + ( 8 )  
c 
3 .  The graphs of l una r  decl-- ia t ion (6,) and g e o c e n t r i c  r a d i a l  
d i s t a n c e  (p  ) ver sus  d a t e  i n d i c a t e  t h a t  t h e  6 and p p l o t s  are . . .  , 
out-of-phase by about 180' i n  November 1964 
c C C 
a. 
b. out-of-phase by about 90" i n  October 1966 
c .  approximately in-phase i n  March 1969. 
4.  I n  March 1969, t h e  d e c l i n a t i o n  of t h e  moon t a k e s  on i t s  maximum 
v a l u e ,  i . e . ,  about 28.7'. 
5. The ephemeris of t h e  moon's motion r e l a t i v e  t o  the  e a r t h  i s ,  
f o r  a l l  p r a c t i c a l  purposes,  p e r i o d i c ;  t he  per iod i s  approximately 18.5 
yea r s  . 
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I V *  BOUNDS FOR THE EFFECT OF THE VARYING EARTH-MOON EPHEMERIS 
ON DEPARTURE AND ARRIVAL VELOCITIES FOR VARIOUS TRIP TIMES 
1. PROCEDURE 
It i s  d e s i r a b l e  t o  know j u s t  what d i f f e r e n c e s  a r e  t h e  r e s u l t  
o f  performing a lunar  mission a t  one t i m e  r a t h e r  t han  ano the r ,  The 
p resen t  o b j e c t i v e  i s  t o  set  f o r t h  t h e  d i f f e r e n c e s  which occur i n  depa r tu re  
and a r r iva l  v e l o c i t i e s .  
The c y c l i c  na tu re  of the moon's motion i n  about each e igh teen  
and one-half  yea r s  e x h i b i t s  t h e  following c h a r a c t e r i s t i c s :  
p - geocen t r i c  r a d i a l  d i s t ance  - t akes  on e s s e n t i a l l y  a l l  
p o s s i b l e  v a l u e s  each seven o r  e i g h t  months. 
6 - d e c l i n a t i o n  - goes through a r e l a t i v e  maximum t o  minimum 
cyc le  each month but t a k e s  on an a b s o l u t e  maximum and 
minimum i n  about e igh teen  and one-half yea r s .  
a - r i g h t  a scens ion  - takes on a l l  p o s s i b l e  va lues  once each 
month. 
A sampling o f  t h e  earth-moon ephemeris i s  d e s i r e d  t h a t  w i l l  
r e s u l t  i n  t h e  i n d i c a t e d  bounds on depa r tu re  and a r r iva l  v e l o c i t i e s .  
This  sampling w a s  taken t o  be the t e n  cases  whose c h a r a c t e r i s t i c s  a r e  
se t  f o r t h  i n  Table 1. The sampling ranges over about 99.4% of  a l l  
p o s s i b l e  v a l u e s  f o r  p,. r a d i a l  d i s t ance  t o  t h e  moon, b u t  only t h e  v a l u e s  
o f  6, d e c l i n a t i o n  of t h e  moon, from about -124' t o  -128.7'. A l l  possib.le 
phase combinations o f  p and 8 a r e  covered by the  sampling. 
A s  one might expec t ,  the sampling taken i s  adequate t o  determine 
bounds f o r  depa r tu re  and a r r iva l  v e l o c i t i e s .  The l a c k  o f  coverage i n  t h e  
6 range i s  of no consequence. 
Actual t r a j e c t o r y  surveys were made f o r  a r r i v a l  a t  t h e  moon i n  
t h e  neighborhood of our ephemeris sampling. 
CONIC were s p e c i f i e d  f o r  each t r a j e c f o r y .  
s p e c i f y i n g  the  d e s i r e d  t r i p  t ime, B O T ,  and B - R  (Reference 7)  q u a n t i t i e s ,  
and searching f o r  t he  combination of launch t i m e ,  c o a s t i n g  t i m e ,  and 
f i n a l  s t a g e  burning t i m e  t h a t  r e s u l t e d  i n  t h e  d e s i r e d  q u a n t i t i e s .  
The TRIP TIME and ARRIVAL 
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' I n e r t i a l  Path 
Veloci ty  Angle Azimuth Arrival Path 
V* ( d s )  r (deg) C (deg) I d e n t i f i c a t i o n  
2. RESULTS 
113.65 Retro - O r b i t a l :  I::;:::: 1 z:: /Ijy l l i r e c t  - O r b i t a l :  ,i: 
10786.8 6.84 114.10 Pola r  - Over: 
110786.4 6.85 112.98 o l a r  - Under: I V  
A. E f f e c t s  of Various Arrival P a t t e r n s  on V e l o c i t i e s  
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Radius L a t i t u d e  Longitude 
1922.7 -3.42 190.12 
1897.2 7.01 87.78 
1910.1 53.63 147.55 
f909.3 -48.03 131.09 










Space- I n c l i n a t i o n  
Rotat ing Fixed To E a r t h ' s  Arrival 
Azimuth Azimuth Equator Path 
q d e g )  C,(deg) ie (deg) I D  
276.29 261.28 156.73 I 
91.99 113.06 23.26 I1 
191.27 193.62 101,72 I11 
98.96 33.16 78.33 I V  
How much do t h e  v e l o c i t y  requirements change wi th  a change 
i n  t h e  o r i e n t a t i o n  of t h e  a r r i v a l  conic? This q u e s t i o n  ar ises  q u i t e  
f r e q u e n t l y  i n  terms of t h e  f e a s i b i l i t y  of r e t r o g r a d e  (oppos i t e  i n  
d i r e c t i o n  t o  moon's motion),  d i r e c t  (w i th  t h e  moon's motion),  o r  p o l a r  
o r b i t s .  
Four t r a j e c t o r i e s  a r e  s u f f i c i e n t  as b a s i s  f o r  answering 
t h i s  ques t ion ,  each t r a j e c t o r y  having a s p e c i f i e d  approach path.  Figure 
2 p r e s e n t s  a s e l e n o c e n t r i c  (moon-centered) p l o t  of t h e  a r r i v a l  p o r t i o n  
o f  two o f  t h e s e  b a s i c  t r a j e c t o r i e s .  The xy plane i s  co inc iden t  w i t h  t h e  
t r u e  e q u a t o r i a l  plane of d a t e ,  the x-axis  being i n  t h e  d i r e c t i o n  of t h e  
t r u e  equinox of da t e .  This system s h a l l  be r e f e r r e d  t o  as t h e  "Seleno- 
c e n t r i c  True Ephemeris System of Date." 
Table 2 l i s t s  p e r t i n e n t  depa r tu re  and a r r i v a l  cond i t ions .  
TABLE 2 
DEPARTURE AND ARRIVAL CONDITIONS FOR VARIOUS ARRIVAL 




La t it  ude 
15.98 
16.22 t- 15.28 @' (deg) 
16792.5 I 16.95 





*A d e t a i l e d  d i s c u s s i o n  of Selenographic coord ina te s  i s  given i n  [ 3 j .  
E 
I 






From t h e  d a t a  presented i n  Table 2,  one can  conclude t h a t  - 
E a s t  Iner t ia l  Path 
La t i tude  Longitude Veloci ty  Angle Azimuth T r a j e c t o r y  
pr' (deg) h (deg) V (m/s) I' (deg) C (deg) I D  
-6.06 14.28 10767.0 6.72 117.70 ALT - 1 
ALT - 2 -6.07 14.29 10767.0 6.72 117.70 
-6.07 14.30 10767.1 6.72 117.69 ALT - 3 
Radius A l t i t u d e  L a t i t u d e  Longitude Veloci ty  Azimuth Trajec- 
=s  (km) hs (km) 9; (deg) h (deg) Vs ( d s )  os (deg) t o r y  I D  - 
1865.8 127.8 9.25 177.25 2578.9 281.35 ALT - 1 
1965.3 227.3 9.06 178.18 2527.1 281.49 ALT - 2 
2069.7 331.7 8.87 179.12 2471.9 281.63 ALT - 3 
1. The changes i n  departure  v e f o c i t y  magnitude due t o  
2. 
v a r i o u s  a r r i v a l  paths a r e  bounded by about 4 ( m / s ) .  
By ,applying t h e  p a r t i a l s  r e l a t i o n s h i p  given on page 9 t o  
t h e  Vsj(and rs d a t a  of Table 2,  one f i n d s  t h a t  t h e  a r r i v a l  
v e l o c i t y  magnitude v a r i e s  by about 10(m/s) f o r  a l l  v a r i a -  
t i o n s  i n  a r r i v a l  conic o r i e n t a t i o n s  on t r a j e c t o r i e s  having 
cons t an t  f l i g h t  t i m e  and a r r iva l  a l t i t u d e .  
B. VELOCITY VARIATIONS DUE TO VARYING THE ARRIVAL ALTITUDE; 
The b a s i c  t r a j e c t o r y  d a t a  needed he re  i s  presented i n  Table 3. 
Three t r a j e c t o r i e s  were determined t o  a r r i v e  a t  e s s e n t i a l l y  t h e  same 
t i m e ,  a long t h e  same a r r i v a l  path (RETROGRADE - ORBITAL), and a l l  having 
t h e  same t r i p  time, 66 hours. However, i n  each case arr ival  i s  a t  a 
d i f f e r e n t  periselenum a l t i t u d e .  
The d a t a  of Table 3 emphasizes t h e  f a c t  t h a t  a l l  a r r i v a l  a l t i t u d e s  
i n  t h e  d e s i r e d  range of v a l u e s  r e q u i r e  t h e  same depa r tu re  v e l o c i t y  v e c t o r .  
I n  f a c t  t he  complete s p e c i f i c a t i o n  o f  depa r tu re  p o s i t i o n  and v e l o c i t y  
v e c t o r s  i s  e s s e n t i a l l y  i n v a r i a n t  f o r  a l l  va lues  of a r r i v a l  a l t i t u d e  t h a t  
come under p re sen t  cons ide ra t ion ,  ranging from about 50 (km) t o  about 
500 (km). 
*The Selenographic coordinate s y s  t e n i  i s  moon-centered and r o t a t e s  
such t h a t  one a x i s  i s  always i n  the gene ra l  d i r e c t i o n  of t he  e a r t h ;  see 
E31 €or  d e t a i l s .  
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C. DEPARTURE AND ARRIVAL VELOCITY BEHAVIOR FOR CHANGES I N  ARRIVAL 
EARTH-MOON EPHENERIS AND TRIP TIME 
The t r a j e c t o r y  d a t a  of  t h i s  s e c t i o n  w a s  generated s u b j e c t  t o  
t h e  following c o n s t r a i n t s :  
a. Launch from P a t r i c k  AFB a t  a due e a s t  azimuth. 
b. A parking o r b i t  i s  u t i l i z e d .  
E ,  BALLISTIC TRANSIT i s  used. 
d.  The a r r i v a l  pa th  i s  always r e t r o g r a d e  t o  the  moon's motion 
and e s s e n t i a l l y  i n  the  plane of earth-moon motion, so-ca l led  
t h e  RETROGRADE ORBITAL approach. 
The v e l o c i t y  behavior i s  t o  be examined f o r  v a r i a t i o n s  i n  t r i p  
time and the earth-moon ephemeris a t  a r r i v a l  ( a r r i v a l  t i m e ) .  
1. DEPARTURE VELOCITY 
F i r s t ,  l e t  us r e c a l l  t he  r e s u l t s  a l r eady  e s t a b l i s h e a  concern- 
i ng  depar ture  v e l o c i t y  behavior:  
1. The complete range of  a l l  p o s s i b l e  a r r i v a l  conic  o r i e n t a -  
t i o n s  causes  t h e  depa r tu re  v e l o c i t y  t o  change by about 
4 (m/.s), Table 2. 
* 
2 .  The RETROGRADE ORBITAL approach r eg ion  i s  the  most 
expensive,  i . e . ,  t hese  approaches r e q u i r e  g r e a t e r  
depa r tu re  v e l o c i t y  than t h e  o t h e r  approach r eg ions ,  
Table 2. 
3 .  Departure v e l o c i t y  i s  e s s e n t i a l l y  independent of  t he  
periselenum a r r i v a l  a l t i t u d e  i n  the  a l t i t u d e  range 
of  i n t e r e s t ,  from about 50 (km) t o  about 500 (km).  
Figure 3 i l l u s t r a t e s  the  depa r tu re  v e l o c i t y  behavior f o r  
RETROGRADE ORBITAL approach pa ths  (most expensive approach).  One can 
conclude from Figure 3 t h a t  - 
4. The depar ture  v e l o c i t y  spread f o r  a r r i v i n g  a t  any e a r t h -  
moon ephemeris w i th  t r i p  t i m e s  ranging from 66 hours 
through 90 hours i s  about 55 (m/s). For f rozen  f l i g h t  
t i m e s  o f  ( a )  66 hours the  spread i s  about 35 (m/s),  
(b )  78 hours i t  i s  about 21 (m/s),  and ( c )  90 hours i t  
i s  about 20 (m/s). 
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2. AKRIVAL VELOCITY 
Figure 4 and Table 4 presen t  t he  p e r t i n e n t  d a t a  f o r  t h i s  
d i s  cus s ion : 
From the  d i f f e r e n c e s  of  Table 4 ,  t h e  e f f e c t  on a r r i v a l  
v e l o c i t y  due t o  vary ing  a r r i v a l  periselenum a l t i t u d e  i s  seen t o  be about 
-1 (m/s) per  n a u t i c a l  mi le  i n  a l t i t u d e ,  i . e . ,  
Figure 4 i l l u s t r a t e s  t he  bounds on t h e  e f f e c t s  due t o  
v a r i a t i o n s  i n  t r i p  t i m e  and p o s i t i o n s  of earth-moon ephemeris. Having 
e s t a b l i s h e d  t h e  p a r t i a l  r e l a t i o n s h i p  j u s t  mentioned, t h e  fol lowing 
bounds f o r  a r r i v a l  v e l o c i t y  a t  any 50 (km) t o  500 (km) a r r i v a l  p e r i -  
selenurn a l t i t u d e  may be  s t a t e d :  
Ar r iva l  v e l o c i t y  v a r i e s  by less than 200 ( m / s )  f o r  any 
combination of  a r r i v a l  earth-moon ephemeris and t r i p  
times i n  t he  66 hour t o  90 hour range. For s p e c i f i c  
t r i p  t imes the bounds a r e  ( a )105  (m/s) f o r  66 hour 
t r i p s ,  ( b )  7.0 (m/s) f o r  78 hour t r i p s ,  and (c )  55 (m/s) 
fo r  90 hour t r i p s .  
13 
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SECTIONV. BOUNDS FOR THE ATTAINABLE ARRIVAL CONIC ORIENTATIONS 
For t h i s  d i s c u s s i o n ,  t h e  a r r i v a l  conic  o r i e n t a t i o n  i s  taken 
r e l a t i v e  t o  t h e  moon's equator .  More s p e c i f i c a l l y ,  t he  o r i e n t a t i o n  
s h a l l  be s p e c i f i e d  by the  i n c l i n a t i o n  r e l a t i v e  t o  the moon's equa to r ,  
is, and t h e  selenographic  longitude o f  t he  ascendi.ng node, R N s .  
The establ ishment  of bounds f o r  the achievab1.e a r r i v a l  conic  
o r i e n t a t i o n s  s u b j e c t  t o  a given s e t  of c o n s t r a i n t s  i s  the  p r i n c i p l e  
o b j e c t i v e  of t h i s  s e c t i o n .  A t  the same time some i n t e r e s t i n g  charac- 
t e r i s t i c s  of t h e  a r r i v a l  conic  behavior w i l l  be mentioned. 
1. PROCEDURE 
The b a s i c  approach has been t o  survey t h e  behavior of the 
a r r i v a l  conic  o r i e n t a t i o n  sub jec t  t o  the c o n s t r a i n t s  l i s t e d  a t  the 
beginning of s e c t i o n  IV-C,  page 10, of t h i s  r e p o r t .  Two o t h e r  a r r i v a l  
c o n s t r a i n t s  a r e  imposed f o r  these r e s u l t s :  
1. T r i p  t i m e  i s  required t o  be 66 hours.  
2. Arr iva l  a l t i t u d e  i s  held i n  the  100 (km) t o  200 (km) ran.ge. 
Opera t iona l ly  the  described procedure i s  accomplished by spec i fy -  
i ng  p o s i t i o n  and v e l o c i t y  v e c t o r s  a t  t he  parking o r b i t  i n i t i a t i o n  which 
s a t i s f y  t h e  launch c o n s t r a i n t s ,  and searching f o r  t he  launch t ime, coas t  
t i m e ,  and f i n a l  s t a g e  burning time combination which r e s u l t s  i n  the 
d e s i r e d  a r r i v a l  c o n s t r a i n t s .  The a r r i v a l  c o n s t r a i n t s  a r e  formulated 
i n  t e r m s  of B'T, B'R, and f l i g h t  t i m e ,  TFI -The magnitude o f  t h e  B 
v e c t o r ,  /;I, c o n t r o l s  a r r i v a l  a l t i t u d e  and B O T  and i*i combinations 
r e s u l t  i n  v a r i o u s  conic  o r i e n t a t i o n s  f o r  a given magnitude of t he  m i s s  
v e c t o r ,  i . e . ,  IiI. 
- -  - -  
It should be r e c a l l e d  t h a t  t h e r e  a r e  TWO SOLUTIONS I N  TIME 
( g e n e r a l l y  speaking) f o r  a r r i v i n g  a t  t he  moon when i t  i s  i n . t h e  proximity 
of some s p e c i f i e d  earth-moon p o s i t i o n .  
i t  became apparent t h a t  t he  two s o l u t i o n s  behaved somewhat d i f f e r e n t l y ;  
hence , both branches of t he  "DUAL-TIME SOLUTION" are  presented.  
During thi.s phase of t h e  study 
The t h r e e  months represented i n  the  EARTH-MOON E F H W R I S  
SAMPLING whose c h a r a c t e r i s t i c  data  a r e  presented i n  Table 2 a r e  u s e d  
as samplings f o r  t h i s  phase of the s tudy a l s o .  
1 6  
2. RESULTS 
The behavior of t he  depa r tu re  and a r r i v a l  cond i t ions ,  a s  a 
survey of  i .5  and E.: combinations i s  made ( f o r  a given magnitude),  
i s  q u i t e  i n t e r e s t i n g .  A t a b u l a t i o n , o f  t hese  d a t a  i s  presented i n  Tables 
5 and 6 .  The d a t a  of  Table 5 r e s u l t  from re t rog rade  approach f l i g h t s  
w i th  po la r  approaches a t  the extremes of  t he  survey. Table 6 d a t a  a r e  
from d i r e c t  approach f l i g h t s  , the  survey being terminated s h o r t  of the 
po la r  extremes. 
O w  can observe from the  is d a t a  of Tables 5 and 6 t h a t  a r r i v a l  
i n c l i n a t i o n s  Lrom about 174" t o  180" (Table 5 )  a s  w e l l  a s  from about 
0" t o  18" (Table 6 )  a r e  no t  a t t a i n a b l e  f o r  t h a t  p a r t i c u l a r  c l a s s  of 
t r a j e c t o r i e s .  Immediately ques t ions  begin coming t o  mind a s  t o  the  
reasons f o r  t he  e x i s t e n c e  of  such "DEAD I N C L I N A T I O N  AREAS," a t e r m  t h a t  
s h a l l  be used t o  denote the  u n a t t a i n a b l e  a r e a s ,  and t h e  in f luence  t h a t  
va r ious  parameters have on t h e i r  e x i s t e n c e  and behavior.  This r e p o r t  
does not deal  exhaus t ive ly  wi th  these  ques t ions  bu t  does p re sen t  some 
h e l p f u l  r e s u l t s .  The r e s u l t s  a r e  empi r i ca l  i n  n a t u r e  and no at tempt  i s  
made t o  present  any a n a l y t i c  e v a l u a t i o n  of t he  problems. 
,4. The in f luence  of  t he  Varying Earth-Moon Ephemeris A t  
Ar r iva l  
Four d i s t i n c t  s e t s  of t r a j e c t o r i e s  have been run ,  and, i n  
view of: t h e  r e s u l t s  t o  be p re sen ted ,  i t  i s  convenient t o  d e s c r i b e  t h e  
s e t s  a s  follows: 
a .  Each s e t  c o n s i s t s  of  t r a j e c t o r i e s  r e s u l t i n g  i n  the  
minimum a t t a i n a b l e  is f o r  both branches of the DUAL- 
TIME SOLUTION as the  a r r i v a l  time i s  stepped through 
a s p e c i f i e d  e r a .  
b.  In  t h r e e  of t h e  four s e t s  launch i s  from P a t r i c k  AFB a t  
a due e a s t  azimuth r e s u l t i n g  i n  a BALLISTIC TRANSIT 
plane i n c l i n e d  a t  about 28.3" t o  the  e a r t h ' s  equa to r .  
I n  the  o t h e r  s e t ,  a f i c t i t i o u s  launch s i t e  i s  assumed 
such t h a t  a due e a s t  launch r e s u l t s  i n  a BALLISTIC 
TRANSIT plane i n c l i n e d  a t  about 24.4" t o  t he  e a r t h ' s  
equator .  This manipulat ion was done t o  produce two 
s e t s  having the BALLISTIC TRANSIT plane near coplanar  
w i th  the  moon's t r a v e l  plane.  
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A r r i v a l  Time 
Era 
The fou r  s e t s  are  c h a r a c t e r i z e d  a s  follows: 
Set 
I d e n t i f i c a t i o n  





Cr ans i t  Plane 
Cnclination, 
Travel-Plane T r a n s i t  ( - . I )  
Travel-Plane T r a n s i t  ( - . 4 )  
Out-of-Plane T r a n s i t  (1.0) 





Moon's Travel Plane 





Figures  5 and 6 and Tables 7 through 10 p resen t  t h e  d a t a  f o r  the 
TRAVEL-PLANE TRANSIT CASES. Some r e s u l t s  may be pointed ou t  q u i t e  r e a d i l y  
from Figures  5 and 6: 
1. 
2.  
The DUAL-TIME SOLUTION s e p a r a t e s  i n t o  a high minimum 
i n c l i n a t i o n  branch (peaks a t  about 13" t o  14") and a low 
minimum i n c l i n a t i o n  branch (peaks a t  about 7 " ) .  However, 
one should observe t h a t  the h igh  branch does on occasion 
drop t o  a lower d e c l i n a t i o n  than the  so -ca l l ed  low branch. 
I n c l i n a t i o n s  of near zero a r e  a t t a i n a b l e  when the  8 a t  
C 
a r r i v a l  i s  near maximum o r  minimum. For a r r i v a l  6 
around ze ro ,  the minimum i n c l i n a t i o n s  a r e  i n  the peak 
r eg ions ;  i . e . ,  around 7" i s  the  minimum t h a t  can be 
obtained . 
C 
I n  Tables 7-14,  t h e  d a t a  designated as % r e p r e s e n t s  the d e v i a t i o n  
of r i g h t  ascension of t he  ascending node of t he  v e h i c l e ' s  t r a n s i t  conic  
( a t  i n j e c t i o n )  from the  r i g h t  ascension of t h e  moon's t r a v e l  plane a t  t h a t  
t ime,  i . e . ,  mN = % - 04eM. From t h i s  then one can conclude t h a t :  
3 .  The branch having low peaks i s  a near coplanar s o l u t i o n  
whereas t h e  branch having high peaks would be considered 
an out-of-plane s o l u t i o n .  
Figures  7 and 8 and Tables 11 through 14 presen t  t he  r e s u l t s  f o r  
t he  two OUT-OF-PLANE TRANSIT CASES. Figures  7 and 8 and Tables 11 through 
14 show t h a t  f o r  t hese  cases:  
4 .  The DUAL-TIME SOLUTION does not s e p a r a t e  ( a s  i n  the 
TRAVEL-PLANE TRANSIT CASES) i n t o  a high and low i n c l i n a t i o n  
branch. Rather each branch has a high peak and a low peak, 
t h e  peaks being i n  the  7"  and 14" neighborhood. 
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I n  t hese  cases  a s  was pointed o u t  f o r  t h e  two previous cases:  
5. I n c l i n a t i o n s  near zero a r e  a t t a i n a b l e  when t h e  6, a t  
a r r i v a l  i s  near maximum o r  minimum. For a r r i v a l  6 
i n  the neighborhood of  z e r o ,  t h e  minimum i n c l i n a t i o n s  
a r e  i n  the  peak r eg ions .  
C 
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€3. THE INFLUENCE OF LAUNCH AZIMUTH VARIATIONS 
Consider Figure 9 a s  b a s i s  f o r  drawing t h e  conclus ion  
t h a t  launch azimuth v a r i a t i o n s  have a n e g l i g i b l e  in f luence  upon t h e  
minimum a t t a i n a b l e  i n c l i n a t i o n s .  I n  a sense  t h i s  v a r i a t i o n  had been 
s tud ied  previous ly  under t h e  OUT-OF-PLANE TRANSIT CASES, i n  which i t  
was found t h a t  t h e  day-to-day minima i n c l i n a t i o n s  d i d  not  change 
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